An electrokinetic route was developed for the synthesis of Ni(OH) 2 nanotubes in the nanochannel of anodic alumina oxide (AAO) template. The nanotubes in the template were then converted to NiO nanotubes by calcination in air at 300 . Uniform ordered nanotubes were obtained after selecting proper experimental conditions, such as the ionic concentration, the reaction time and the kind of nickel salts. X-ray diffraction (XRD) analysis indicated that the as-prepared Ni(OH) 2 nanotubes were crystalline. Thermogravimetric analysis (TGA) was employed to determine the correlation between temperature and weight lose of the nanotubes. The transmission electron microscope (TEM) and scanning electron microscope (SEM) were used to characterize the morphology and structure of the nanotubes.
INTRODUCTION
Li-ion batteries are now more and more commonly utilized in popular electronic devices, such as mobile telephones, notebook computers, compact camcorders, and electric vehicles. [1] [2] [3] As these batteries can be considered as the choice in the future, much progress in the stored energy density must be achieved. Furthermore, any improvement in the performance of the batteries must be taken without sacrificing safety of them. Therefore, in the case of Li-ion batteries, the point to meeting these needs lies on the manufacture of electrode materials with nanoscale dimensions, because nanomaterials are more suitable for them. 4 It is suggested that the physical and chemical properties of nanostructures would be significantly different compared with their bulk counterparts. In particular, onedimensional (1D) materials with their inherent anisotropy are the smallest dimension structures that can be used for efficient transport of electrons. As nickel oxide (NiO) is one kind of material in metal oxide (MO) group (M = Fe, Co, Cu, Ni, etc.) for Li-ion batteries, while nickel hydroxide (Ni(OH) 2 is a positive electrode material of alkaline rechargeable batteries, therefore, both of them are important in the fabrication for batteries. * Author to whom correspondence should be addressed.
To improve the characteristics of the nickel hydroxide electrode, research was focused on the development of spherical Ni(OH) 2 and related composite materials in nanoscale dimensions. [5] [6] [7] [8] [9] Ni(OH) 2 materials with nanostructure exhibited superior electrochemical behavior and higher proton diffusion coefficients. [10] [11] Spherical Ni(OH) 2 powder, which suppresses the development of inner-pore volume, makes it possible to increase the density of the active material. At the same time, the core of this kind of powder is still inactive at high-rate and hightemperature due to the diffusion barrier of it. 12 Among kinds of nanostructures, nanotubes represent an ideal 1D topology that can allow controlled ion diffusion over many charge-discharge cycles. 13 Early reports showed that NiO nanotubes had reversible capacities to 300 mAh g −1 .
14 This effect might be attributed to the high surface area and the low diffusion distance for ion transport. There have been many studies on the preparation of nanotubes for oxide materials such as V 2 O 5 , TiO 2 , and Co 3 O 15-21 4 that demonstrate excellent electrochemical properties. Also, Ni(OH) 2 nanosheets 22 and nanorods 23 were prepared by hydrothermal method. However, the synthesis of uniform and ordered nanotubes of NiO and Ni(OH) 2 still remains a great challenge. [24] [25] [26] Herein, the Ni(OH) 2 nanotubes were fabricated by using electrokinetic route in a U-shaped tube cell 27 AAO membrane as template at room temperature. Two different precursor solutions were placed in two halves of the U-shaped tube cell, respectively, separated by AAO membrane. [30] [31] [32] The AAO membrane as the reaction zone was used as the nanochannels to control the Ni(OH) 2 nanotube growth. The transmembrane potential enabled the continuous ion electroosmotic flow into the nanochannels so that Ni(OH) 2 nanotubes could be obtained. And then NiO nanotubes were also obtained successfully in large scale after calcination of Ni(OH) 2 within the AAO template. Compared to chemical deposition or traditional electrodeposion, this method is more facile, efficient and milder.
EXPERIMENTAL DETAILS
Anodic alumina oxide membranes ( 13 mm, with 0.2 m pores and 60 m thickness, Whatman Corp.) were used as templates. All of the reagents were of analytic purity and used without further purification. In a typical procedure, the anodic alumina oxide template was clamped between the two halves of a U-shaped tube cell. 10 mM Ni(Ac) 2 solution was firstly added to the anodic half-cell and entered the nanochannels quickly due to capillary force. When 20 mM NaOH solution with the same volume was added to the cathodic half-cell, chemical reaction between nickel ion and hydroxide ion took place near the template end in the cathodic cell upon application of a transmembrane potential of 2 V. Then the reaction zone for the formation of Ni(OH) 2 moved to the other end due to the electroosmotic flow when the reaction time reached 30 minutes. The transmembrane potential was applied by using two platinum sheet electrodes in each half-cell and an IM6ex electrochemical workstation (ZAHNER, German).
The AAO membranes filled with Ni(OH) 2 nanotube arrays were then rinsed with Ultrapure fresh water (MilliQ, specific resistivity > 18 M cm −1 , S. A. Molsheim, France) and absolute ethanol for several times sequently, and dried in air at room temperature. The overfilling of the nanotubes on the AAO surface could be removed by careful polishing before X-ray diffraction (XRD) measurements. The experiments were performed on a Rigaku D/Max-RA X-ray diffractometer in the range of 10 ≤ 2 ≤ 80 with graphite monochromatized Cu K radiation ( = 1 5418 Å). SEM images were obtained by a scanning electron microscope (FESEM, HITACHI S4800) after partially removed the AAO template with 1 M NaOH solution for 15 minutes. The morphology of Ni(OH) 2 was also examined with a transmission electron microscope (TEM, JEM-1230, JEOL) after AAO template was removed with 5 M NaOH. Then the sample was centrifuged and rinsed with Ultrapure fresh water. The trermogravimetric analysis (TGA) was performed on a Shimadzu TGA-50 instrument from room temperature to 600 at a heating rate of 10 /min in a nitrogen ambient. The Ni(OH) 2 
RESULTS AND DISCUSSION
The crystal structure and the composition of the products were detected by X-ray diffraction. The XRD pattern in Figure 1 indicates that the prepared sample is crystalline and of single phase. Diffraction peaks are in agreement with the ones reported in the literature (JCPDS 14-0117), and indexed to be pure hexagonal phase -Ni(OH) 2 . The broadening of peaks in the XRD pattern can be ascribed to the nanoscale character of the component crystal. Figure 2 shows SEM images of the as-prepared sample at different magnifications after the AAO template is partially removed with 1 M NaOH solution for different time. The image in Figure 2 (a) presents the top-view of the sample with high filling ratio. An overall view at low magnification ( Fig. 2(b) ) reveals that a large quantity of filament bundles is obtained. The length of the bundles is about 30 m, which is less than the thickness of the AAO template exploited in the preparation. Figures 2(c and d) reveal that open-ended nanotubes are formed after NaOH etching. It can be demonstrated that the outer diameters of Ni(OH) 2 nanotubes are uniformly about 280 nm, which corresponds to the actual pore size of the commercial AAO template. Figure 3 shows the TEM images of the Ni(OH) 2 after chemical removal of the AAO template with 5 M NaOH. The tubular shape of the material is further confirmed. It is observed that the central parts of the mesostructure are bright in comparison to the edges. Figure 3(a) is TEM image of the Ni(OH) 2 nanotubes scattered on the copper mesh. However, the observed nanotubes are only several micrometers long, much shorter than those observed in Fig. 1 SEM images. This may be because the strong ultrasonic and centrifugal effects in the preparation of TEM samples make the long nanotubes broken into short ones. A typical image of the Ni(OH) 2 nanotube is depicted in Figure 3 For a better understanding of the nanotube growth process, several experiments were performed. Firstly, nanotubes were prepared by using different concentration of the precursor solutions. With the increase of ionic concentration, the electroosmotic flow can be slowed down, which is the main driving force for the movement of the reaction zone. 20 Therefore, more deposit will be formed in the nanochannels so that the wall of the nanotube becomes thick. In Figure 4(a) , the wall thickness of Ni(OH) 2 nanotube reached 60 nm when 50 mM Ni(Ac) 2 and 100 mM NaOH were used respectively, and even the nanorods were observed when 100 mM Ni(Ac) 2 and 200 mM NaOH were used, respectively (Fig. 4(b) ). The effect of reaction time is also studied. Figure 5 shows the results of experiments with 45 minutes and 60 minutes. By comparison of these two images with that of 30 minutes, we can draw a conclusion that the diameter and wall thickness of the nanotubes almost not change with the increasing of the reaction time after it reached 30 minutes. Therefore, 30 minutes was chosen as the reaction time in this work. The versatility for the preparation of Ni(OH) 2 nanotubes was studied by changing other nickel salt solutions such as NiSO 4 , Ni(NO 3 2 , NiCl 2 instead of Ni(Ac) 2 solution. No obvious difference was observed in morphologies and compositions. The preparation of Ni(OH) 2 nanotubes in the absence of the transmembrane potential was also been performed. All conditions were the same just except the absence of transmembrane potential. If the reaction time was lower than 10 h, no products could be obtained. It can be observed that when the reaction time was prolonged to 12 h, the product was formed successfully in the absence of the transmembrane potential. However, this method is more time consuming without electroosmotic flow as a strong driving force.
The as-prepared Ni(OH) 2 nanotubes were also characterized by the thermogravimetric (TGA) technique as shown in Figure 6 . The TGA curve shows a two-step weight loss which is in agreement with the literature. 33 The weight loss in the first step below around 180 could be ascribed to the loss of interlamellar and adsorbed water molecules. When the temperature is higher than 180 , the second reaction step is the dehydroxylation of Ni(OH) 2 layers to NiO with the destruction of Ni-O bond. 34 The total weight loss of Ni(OH) 2 nanotubes is 31.2 %.
The Ni(OH) 2 nanotubes within AAO template could also be converted to NiO by heat treatment without any alteration of the nanotubular structure. Figure 7 shows SEM and TEM images of the sample after the partially removal of AAO template with NaOH solution. In these images, it can be clearly observed that the wall thickness of nanotubes is about 40 nm; the outer diameters of nanotubes are uniformly about 280 nm. The NiO nanotubes also have parallel arrangement and smooth surface alignment. And the shape of the NiO nanotubes clearly replicates the pore structure of the AAO template as indicated by the Y-shaped structure ( Fig. 7(b) ). It shows that the NiO nanotubular structure array within the AAO has no obvious alteration. 
CONCLUSIONS
A new electrokinetic route was developed to synthesize Ni(OH) 2 nanotubes and the calcining products NiO nanotubes, based on the electroosmotic flow of nickel ion and hydroxide ion in a U-shaped tube cell and AAO membrane. Several significant factors, such as the ion concentration, the reaction time, the transmembrane potential were studied. The results indicated that the present electrokinetic route was facile and time-saving. It is expected that this method can be extended to synthesize other materials.
